We developed an in situ model to investigate the hypothesis that AMPA/kainate (AMPA/KA) receptor activation contributes to hypoxic-ischemic white matter injury in the adult brain. Acute coronal brain slices, including corpus callosum, were prepared from adult mice. After exposure to transient oxygen and glucose deprivation (OGD), white matter injury was assessed by electrophysiology and immunofluorescence for oligodendrocytes and axonal neurofilaments. White matter cellular components and the stimulus-evoked compound action potential (CAP) remained stable for 12 hr after preparation. OGD for 30 min resulted in an irreversible loss of the CAP as well as structural disruption of axons and subsequent loss of neurofilament immunofluorescence. OGD also caused widespread oligodendrocyte death, demonstrated by the loss of APC labeling and the gain of pyknotic nuclear morphology and propidium iodide labeling. Blockade of AMPA/KA receptors with 30 M NBQX or the AMPA-selective antagonist 30 M GYKI 52466 prevented OGD-induced oligodendrocyte death.
Approaches to pharmacological intervention in acute ischemic stroke most often have focused on the protection of neuronal cell bodies in gray matter. Because focal cerebral ischemia in humans damages both gray and white matter, an understanding of white matter injury is important in devising potential therapeutic approaches. In animal models early ischemic damage in white matter involves axons and oligodendrocytes (Pantoni et al., 1996; Dietrich et al., 1998; Valeriani et al., 2000) . Axonal conduction is crucial to the functional integrity of the CNS. Studies of anoxia in optic nerve and spinal cord slice preparations suggest that axonal injury is mediated by the activation of voltage-gated Na ϩ channels (VGSC) and the subsequent reversal of Na ϩ /Ca 2ϩ exchange, leading to lethal axoplasmic Ca 2ϩ overload (Stys, 1998) . These mechanisms are less likely to contribute directly to hypoxic-ischemic death of glial cells, which do not express the voltage-sensitive channels that are found on excitable cells (Barres et al., 1988) . Alternative pathways for oligodendrocytes include generation of toxic free radicals, loss of trophic support, and glutamate-mediated cell death. Glial cells do not have NMDA receptors Patneau et al., 1994) but do express functional AMPA/kainate (AMPA/KA) receptors (Steinhauser and Gallo, 1996; Garcia-Barcina and Matute, 1998) and can be killed by glutamate agonists. AMPA/KA antagonists reduce neuronal injury in cerebral ischemia (Sheardown et al., 1990) , decrease damage to both gray and white matter in spinal cord contusion models (Wrathall et al., 1994) , and reduce calpain activation in spinal cord myelin and oligodendrocytes (Li and Stys, 2000) . Effects of AMPA/KA receptor blockade in white matter have not been reported for cerebral ischemic injury. Although synaptic neurotransmitter is not present in white matter, there are ample sources of glutamate release during energy deprivation. In spinal cord slices the anoxia-induced loss of CAPs is mediated by a reversal of Na ϩ -dependent glutamate transport, with a reduction of intra-axonal glutamate (Li et al., 1999) . Astrocytes (Anderson and Swanson, 2000) and oligodendrocytes (Fern and Möller, 2000) are also potential sources of glutamate release.
Mechanisms of glutamate toxicity in cultured oligodendrocytes include nonreceptor-mediated inhibition of cysteine uptake and oxidative stress (Oka et al., 1993) and direct AMPA/KA receptor activation (Yoshioka et al., 1996; Garcia-Barcina and Matute, 1998; McDonald et al., 1998) . In cell culture models AMPA/KA receptor blockade prevents the death of oligodendrocytes during oxygen-glucose deprivation (McDonald et al., 1998; Fern and Möller, 2000; Yoshioka et al., 2000) . These in vitro studies raise the possibility that AMPA/KA receptor activation may contribute to hypoxic-ischemic death of oligodendrocytes in vivo. How-ever, cultured oligodendrocytes differ from their in vivo counterparts in several important respects, including maturational state, myelin production, receptor expression, and axonal-glial cellular interactions.
Our study investigated whether the death of mature oligodendrocytes in situ is mediated by the overactivation of AMPA/KA receptors. We developed an adult brain slice model to assess white matter conduction and cellular vulnerability after oxygen and glucose deprivation.
MATERIALS AND METHODS

Preparation of slices and oxygen-glucose deprivation
After we induced deep halothane anesthesia, adult female Swiss Webster mice were perf used transcardially with artificial C SF (aC SF) with the addition of 2 mM kynurenic acid (Sigma, St. L ouis, MO). aC SF was composed of (in mM) 126 NaC l, 3.5 KC l, 1.3 MgC l 2 , 2 CaCl 2 , 1.2 NaH 2 PO 4 , 25 NaHC O 3 , and 10 glucose, pH 7.4. The osmolality (ϳ300 mOsm) was checked with a micro-osmometer (Precision Systems, Natick, M A). The brains were dissected out immediately into ice-cold aC SF oxygenated with a mixture of 95% O 2 /5% C O 2 . The whole brain was placed on the platform of the vibroslicer (Vibratome 1000, Technical Products, St. L ouis, MO), and 400-m-thick coronal slices were cut. Only the slices (8 -10/ brain) in which the anatomical structure of the corpus callosum was visualized clearly were included in the experiments. Slices were allowed at least 2 hr at room temperature to stabilize (K irov et al., 1999) before they were transferred to a Haas-type slice chamber (Harvard Apparatus, South Natick, M A).
For oxygen -glucose deprivation (OGD), aC SF was replaced by glucose-free aC SF (containing 10 mM sucrose to keep the osmolality constant) saturated with a 95% N 2 /5% C O 2 mixture. After OGD the slices were superf used in glucose containing oxygenated aC SF for up to 9 hr after the end of OGD.
In some experiments (perf usion-fixed slices), after transcardial aC SF, the perf usion was switched to a fixative composed of 4% paraformaldehyde and 0.025% glutaraldehyde in PBS. The brains were dissected out and kept in fixative for 2 more hr at 4°C before being sliced. The 400-m-thick coronal slices obtained from these brains were incubated f urther in fixative individually for another 2 hr at 4°C before they were placed in 10, 20, and 30% sucrose solution for 4, 6 -8, and 16 -18 hr, respectively. In another group (immediately fixed slices), after an animal was perf used with aC SF and kynurenic acid the brains were sliced, and the slices were fixed immediately in 4% paraformaldehyde and 0.025% glutaraldehyde in PBS. The immunohistochemical staining properties of the slices obtained from each group were analyzed and quantified comparatively to confirm that the acute brain slice model is a usef ul and representative tool for the assessment of cellular and cytoskeletal structure of white matter injury induced by OGD.
Electrophysiology
A single slice was placed on a piece of lens paper, transferred to the recording chamber, and kept at the interface between the warm humidified gas (95% O 2 /5% C O 2 , 1 l /min), and oxygenated aC SF at 33 Ϯ 1°C, with a flow rate of 3-3.5 ml /min. Each slice was kept in the chamber for at least 30 min before baseline responses were recorded. E xtracellular compound action potentials (CAPs) across the corpus callosum were evoked by using a bipolar stimulation electrode. T ypically 50 sec long, supramaximal pulses were delivered every 30 sec, and the responses were recorded with microelectrodes filled with 2 M NaC l. The evoked responses were digitized and stored, and the changes in the CAP integral were analyzed (pC lamp, Axon Instruments, Foster C ity, CA).
In initial experiments, OGD was applied in regular aC SF for 15 or 30 min to determine the duration of OGD that caused an irreversible loss of electrical activity. Later, the control slices were exposed to OGD always in aC SF containing 10 M M K-801 (Research Biochemicals, Natick, MA; 10 mM stock dissolved in distilled water) to limit the activation of NMDA receptors in gray matter. The AM PA / K A receptor antagonist 30 M N BQX (Research Biochemicals; 30 mM stock dissolved in distilled water, care being taken to prevent from direct light) was applied throughout the experiments, starting at least 30 min before OGD. For C a 2ϩ -free experiments the slices were superf used with C a 2ϩ -free aC SF (containing 200 M EGTA) for a total of 90 min, starting 30 min before and during and 30 min after the end of OGD. Control experiments for this group consisted of recordings of CAPs in slices kept C a 2ϩ -free for the same duration without OGD exposure.
In experiments investigating the role of voltage-gated Na ϩ channels, the slices were superf used with 10 M tetrodotoxin (TTX; 100 mM stock dissolved in distilled water) starting 30 min before and during and 30 min after OGD. Control experiments were done in slices kept normoxic in TTX for similar durations.
Immunohistochemistry
The Haas-type slice chamber was divided into two compartments. Four to five slices were placed in each half of the chamber on lens paper (8 -10 slices all from the same brain). All slices were superf used with aC SF at 33 Ϯ 1°C for 60 min with a flow rate of 3-3.5 ml /min. At the end of 1 hr the slices in one of the compartments (control group) and the slices in the other compartment (experimental group) were superf used with aC SF containing 30 M N BQX for at least another 30 min before the induction of OGD. Similar experiments also were performed at 37°C to determine the effects of temperature on the protective role of N BQX. Pretreatment of slices in C a 2ϩ -free media and TTX before OGD was done as described above.
A sample slice from each compartment before and 1, 3, 5, and 9 hr after OGD was fixed and cryoprotected as described above. The 9 hr observation period, which represents a total slice preparation duration of 12 hr (2 hr preincubation at room temperature, 30 min equilibration at 34°C, 30 min OGD or normoxia, and 9 hr reperf usion), was chosen as the latest time point at which we could be certain that compound action potentials and cellular elements were preserved optimally. Then 16-mthick sections (10 -12/slice) from each brain slice were cut by cryotome and collected onto Superfrost slides (Fisher Scientific, Pittsburgh, PA) for immunohistochemical analysis. Sections from the outer 50 -80 m surfaces were excluded to avoid damaged cells on the surface. The brain sections were blocked and permeabilized in 40% normal goat serum (Sigma) and 0.4% Triton X-100 (Sigma) for 30 min at room temperature. All primary antibodies were prepared in the same mixture. Sections were labeled for oligodendrocytes with monoclonal antibodies CC1 (APC -7; Oncogene Research Products, C ambridge, M A) (Bhat et al., 1996) or anti-2,3-cyclic-nucleotide 3-phosphodiesterase (C N Pase; Promega, Madison, W I) (Trapp et al., 1988) , for oligodendrocyte progenitors with a polyclonal chondroitin sulfate proteoglycan antibody NG2 (Chemicon, Temecula, CA) (Levine and Nishiyama, 1996) , astrocytes with a polyclonal antibody to glial fibrillary acidic protein (GFAP; DiaSorin, Stillwater, M N), and microglia with monoclonal CD11b (CR3) (711, Serotec, Raleigh, NC) (Rosen and Gordon, 1990) . Axonal neurofilaments (N Fs) were labeled with monoclonal antibodies SM I-31 and SM I-32 (Sternberger Monoclonals, L utherville, MD) (Sternberger et al., 1982) against epitopes of phosphorylated and nonphosphorylated N F 200, respectively. Monoclonal antibody N R4 (Sigma) (Debus et al., 1983) was used to label against N F 68. For each slice, immunolabeling was examined and quantified in two or three sections for each experimental condition.
Primary antibodies were used at a dilution of 1:100 for APC, 1:500 for C N Pase, 1:100 for NG2, 1:2 for GFAP (prediluted), 1:10,000 for SM I-31 and SM I-32, and 1:100 for N R4. Sections were incubated in primary antibodies together for 2-3 hr at room temperature or overnight at 4°C. After a thorough wash in PBS, the tissue was exposed to a secondary antibody, one by one for each primary, prepared in 2% normal goat serum for 1 hr at room temperature. Goat anti-mouse Alexa 488 (Molecular Probes, Eugene, OR) and noncross-reactive donkey anti-rabbit C y3 (Jackson ImmunoResearch, West Grove, PA) at a dilution of 1:100 were used. Sections were examined via fluorescence microscopy (Nikon Diaphot) with digital image acquisition (Spot camera, Diagnostic Instruments, Sterling Heights, M I).
Assessment of cell death
Hoechst 33258 staining. Nuclear staining was achieved by dipping brain sections into 5 g /ml Hoechst 33258 (Sigma) for several minutes at room temperature. After a final wash in PBS the sections were treated with Prolong Antifade (Molecular Probes) before they were coverslipped (Sigma). Before being imaged, the slides were kept at 4°C overnight to assure antifade treatment. Sections were examined by conventional fluorescence (Nikon Diaphot microscope, Spot digital camera) under ultraviolet light. Live cells were identified by their oval nuclei and characteristic eccentric three to five inclusion bodies (Skoff et al., 1976) and low fluorescent intensity with Hoechst stain. Pyknotic nuclei were identified by round, smaller, clumped nuclei and condensed chromatin with bright blue fluorescence (Deckwerth and Johnson, 1993 ) (see Figs. 4, 6, 7) .
Propidium iodide. To verif y that pyknotic nuclei labeled with Hoechst 33258 represented dead cells, we performed additional experiments with propidium iodide (PI) labeling. Slices were grouped in individual chambers as wash control, OGD for 360 min (to determine maximal cellular death), OGD 30 min, and OGD 30 min with 30 M N BQX or 30 M GYK I 52466 (Research Biochemicals; 10 mM stock dissolved in 0.1N HC l) and were placed in a water bath at 33 Ϯ 1°C bubbled with 95% O 2 /5% C O 2 . Slices in all groups were allowed 1 hr to stabilize in their chambers. Slices in OGD and OGD with N BQX or GYK I 52466 groups were transferred to respective chambers containing glucose-free aC SF saturated with 95% argon /5% C O 2 for 30 min and then returned to chambers for another 6 hr with regular aC SF and 95% O 2 /5% C O 2 . All groups contained 10 M M K-801 to minimize the possible effects of NMDA receptor activation acting indirectly on brain slice gray matter. At 30 min before the end of the experiment, 0.25 g /ml PI was added into each condition. The corpus callosum of each slice was imaged by using a fluorescence microscope and digital camera at constant exposure times (adjusted to OGD 360 min conditions) at 40ϫ. The sequence of sampling of slices was kept constant. Images were transferred to an image analysis program (MetaMorph, Universal Imaging, West Chester, PA), and the average pixel intensity was measured within the outlined corpus callosum area. C ell deaths in OGD versus OGD with N BQX or GYK I 52466 conditions were expressed and compared as a percentage of maximum fluorescence (OGD 360 min) after wash control levels were subtracted from each condition (see Fig. 5 ). Although care was taken to compare slices with similar anatomy, we also monitored other parameters such as total corpus callosum area that was outlined to assure that the results were not affected by differences among slices.
Data analysis
Corpus callosum f unction was monitored quantitatively as the area under the supramaximal CAP. The area under the CAP represents the best measure of the number of active axons because activities of individual axons within a fiber tract are considered to sum linearly (Cummins et al., 1979) . The areas under the CAPs from each slice were normalized to baseline control levels. Slices in the same group were pooled together, and the percentage of recovery was calculated in the normalized group time course. In slices treated with C a 2ϩ -free media, the percentage of recovery was calculated by taking the C a 2ϩ -free responses as the baseline. Recovery of the CAP was defined as a return to Ͼ70% of the initial value.
For morphological evaluation, representative microscopic fields in the corpus callosum of each brain section (see Fig. 2 A, top panel ) were imaged by 60ϫ objective lens with constant exposure times. E xposure times were calculated in sections obtained from perf usion-fixed brain, which was labeled simultaneously with the experimental sections. Scoring for cell counts and nuclear morphology was performed with MetaMorph, using a predetermined grid (5 ϫ 5). Of 25 fields, immunoreactive cells in every other field were counted only if their nuclei were visible with Hoechst 33258 staining in the specific section. C ell numbers were expressed as the percentage of immunoreactive cells to the total number of nuclei present. In each experimental condition the total number of nuclei also was compared to ensure that differences observed between the groups were not attributable to a change in the number of cells. Hoechst 33258-stained pyknotic nuclei were counted in the same fields as immunoreactive cells.
Axonal injury evaluation was based on a composite axon score for SM I-31 staining (Table 1 ). Tissue structure was described by a number between 0 and 12 after one to three positive sign(s) were assigned for each of the following parameters: brightness of labeling intensity, preservation of anatomically parallel and linear organization of axonal fibers, continuity in individual fibers, and lack of axonal head and bulb formation (Adams et al., 1983) . Each section was scored independently by two observers. SM I-31 labeling intensity was quantified f urther in 600ϫ images by measurement of the average pixel intensity within a defined region of the corpus callosum. Values were normalized to the average intensity of wash control slices from the same animals.
Statistical analysis
All data are expressed as means Ϯ SEM. Statistical differences were assessed by Student's t test, one-way or two-way ANOVA, followed by the Dunnett's post test where appropriate to detect the significantly different groups. Statistical significance level was set at p Ͻ 0.05 and was denoted by an asterisk. Reported n values represent the number of slices in electrophysiological experiments (only the first slice of the day). In immunohistochemical analysis two to three brain sections were quantified for each experiment. The reported n values refer to the experiments that were analyzed.
RESULTS
Brain slices as a model for OGD-induced white matter injury
We tested whether brain slices are a reliable and reproducible model to study white matter injury on the basis of immunohistochemical properties. First we identified various glial cell types by immunofluorescence. Oligodendrocytes were identified as APC ϩ or CNPase ϩ cells with oval cell bodies. Numerous APC ϩ cells were aligned linearly along the fiber axis of the corpus callosum, meeting the description of intrafascicular oligodendrocytes (Szuchet, 1995) (Fig. 1 A, green) . All APC ϩ cells also labeled with antibody to CNPase (data not shown). GFAP ϩ astrocytes had round cell bodies with many processes extending along the myelinated axons (Fig. 1 A, red) . NG2 ϩ cells (adult oligodendrocyte progenitor cells) were located between tightly packed myelinated axons and had elongated cell bodies with processes emanating predominantly from the poles of the cells. NG2 ϩ cells were more abundant in cortical gray matter than in white matter; the proportion of NG2 ϩ cells was ϳ6% in the corpus callosum (data not shown). Spindle-shaped 711 ϩ microglia cell counts did not exceed 5% of the cells in the corpus callosum. Neither NG2 nor 711 
SMI-31 neurofilament immunofluorescence in corpus callosum was measured for average fluorescence intensity and axon score calculated as described in Materials and Methods. CAPs were normalized to baseline values. CAP recovery was measured at 9 hrs, except OGD 15 min and OGD ϩ TTX, which were followed for 5 hrs. * immunofluorescence overlapped with APC ϩ or CNPase ϩ cells (data not shown).
The consistency of APC ϩ oligodendrocyte and GFAP ϩ astrocyte counts in perfusion-fixed and immediately fixed slices was compared with slices treated under normoxic wash conditions. Normoxic controls were obtained by superfusing the slices with oxygenated aCSF at 33 Ϯ 1°C, with a flow rate of 3-3.5 ml/min for up to 12 hr after slicing (corresponding to 9 hr reperfusion time in experimental conditions). Cell nuclei were detected as blue by Hoechst fluorescence (Fig. 1 A) . Histograms in Figure 1 B summarize the quantification of specific cell types when slices were prepared from perfusion-fixed brains (perfusion) or fixed immediately after slicing (immediate) or perfused under normoxic conditions for 12 hr at 33 Ϯ 1°C (12 hr). There was no difference in the proportion of APC ϩ cells (dark gray bars) among the slices from the perfusion-fixed (62 Ϯ 2, n ϭ 11), immediately fixed (62 Ϯ 3, n ϭ 6), and 12 hr groups (57 Ϯ 2, n ϭ 9). Slicing caused a small decrease in GFAP ϩ astrocyte counts (gray bars) (28 Ϯ 2, n ϭ 11 vs 17 Ϯ 2, n ϭ 6; p Ͻ 0.05) as seen in immediately fixed and 12 hr groups.
To monitor the functional and structural integrity of axons, we recorded evoked CAPs across the corpus callosum (for the recording arrangement, see Fig. 2 A) , and the axons were labeled with SMI-31 (Fig. 2 A, top and bottom) . The brightness of SMI-31 labeling and the number of individual linear axons that could be seen were evaluated and quantified in every experimental condition (Table 1) . Recording CAPs showed that axonal electrical responses remained stable in slices up to 10 hr in normoxic conditions (Fig. 2 B) .
The 30 min OGD causes irreversible axonal injury
To determine the effects of OGD on axonal conduction, we monitored CAPs in individual brain slices kept at the interface of the slice chamber. After a stable baseline of CAPs was obtained, OGD was induced by switching to glucose-free aCSF saturated with 95% N 2 /5% CO 2 . In slices exposed to 15 min OGD (Fig. 3A , filled squares), CAP area during OGD disappeared completely in three slices and was reduced by 68% in one slice. Returning to glucose-containing oxygenated aCSF resulted in complete recovery of CAP area within 10 min, and this remained stable for up to 9 hr after the end of OGD (97 Ϯ 8% of control; n ϭ 4). In slices exposed to 30 min OGD (Fig. 3A, open circles) , the time to complete block of CAPs was 19 Ϯ 1 min (n ϭ 6). Switching to oxygen-glucose-containing media caused an initial maximum recovery by 45 Ϯ 4% of control within 10 min after the end of OGD. By 1 hr after OGD the CAP area recovery was 22 Ϯ 8% of control and decreased to 17 Ϯ 3% by 2 hr after OGD. Axonal conduction irreversibly vanished in all slices well before 3 hr in this group.
On determining that 30 min OGD caused irreversible conduction failure along the corpus callosum, we investigated whether functional axonal impairment also was associated with cytoskeletal changes in the axonal structure. The bright intensity of neurofilament labeling seen in 0 min slice (Fig. 3B, top panel ) was replaced by very bright spots of axonal head and retraction ball formation in slices imaged 1 hr after OGD. Few individual linear axons with dim staining were observed in this group of slices (Fig.  3B, middle panel ) . SMI-31 labeling was completely lost (Fig. 3B , bottom panel ) and was scored 0 in slices kept 9 hr after 30 min OGD (Table 1) . Loss of SMI-31 labeling was associated with axonal structural disruption in semi-thin histological sections (S. Baltan Tekkök, B. T. Faddis, M. P. Goldberg, unpublished data).
We evaluated the nuclear morphology and number of oligodendrocytes under normoxic conditions. There was no significant change in oligodendrocyte nuclear morphology or counts over 12 hr in vitro (Fig. 4 A) . Uninjured oligodendrocyte cell nuclei labeled with Hoechst were observed as dimly fluorescent oval cell bodies with clear cytoplasm containing three to five nuclear inclusions (Fig. 4 A, top panel ) . Exposing slices to 30 min OGD resulted in a loss of APC ϩ cells and a gain in the appearance of pyknotic nuclei with brighter Hoechst fluorescence (Fig. 4 A,  middle panel ) . Some of the nuclei had a fragmented appearance (e.g. , Figs. 4, 7) . We did not perform experiments to establish apoptotic or necrotic mechanisms of injury. 
The effects of glutamate receptor antagonists on OGD-induced oligodendrocyte death
Next we investigated whether OGD-induced oligodendrocyte injury in the corpus callosum of brain slices involved AMPA/KA receptor activation. Blockade of AMPA/KA receptor with 30 M NBQX fully prevented the loss of APC ϩ cells and the appearance of pyknotic nuclei (Fig. 4 A, bottom panel ) . The counts of APC ϩ cells in slices kept normoxic ( filled squares), in slices exposed to OGD ( filled circles), and in slices treated with NBQX (open circles) before exposure to 30 min OGD were compared (Fig. 4 B, left) . The number of APC ϩ oligodendrocytes remained stable over time in slices kept in normoxic conditions (n ϭ 7). The number of pyknotic nuclei (Fig. 4 B, right) in this group did not exceed 14 Ϯ 1% by 9 hr after OGD (n ϭ 7). OGD resulted in rapid reduction in the APC ϩ cell counts starting from 1 hr after OGD (67 Ϯ 6% at 0 hr vs 29 Ϯ 4%; p Ͻ 0.05), reaching a minimum of 8 Ϯ 3% by 9 hr after OGD (n ϭ 6). In parallel, pyknotic nuclei number increased from 5 Ϯ 1 to 44 Ϯ 4% (n ϭ 6; p Ͻ 0.05). Treatment with NBQX fully preserved APC ϩ cell counts (64 Ϯ 4% by 9 hr RP; n ϭ 6; p Ͻ 0.05) and kept pyknotic nuclei counts similar to those in control conditions (13 Ϯ 3% by 9 hr RP).
To determine whether OGD-induced oligodendrocyte death was a direct effect of the overactivation of white matter AMPA/KA receptors rather than an indirect effect of gray matter, we performed experiments by using isolated corpus callosum slices (Berger et al., 1991) . Slices were prepared as described in Materials and Methods, except that the angle of the section was ϳ20°more rostrocaudal than coronal (to increase the crosssectional area of the corpus callosum). Cortical tissue was removed immediately with a series of four razor cuts, and the remaining tissue was handled as described above. The proportion of APC ϩ cells (56 Ϯ 2%) and pyknotic nuclei (3 Ϯ 1) in isolated corpus callosum slices under normoxic conditions was similar to that previously observed for routinely prepared coronal brain slices. OGD (30 min) resulted in a loss of APC ϩ cells (18 Ϯ 4%) and a gain in pyknotic nuclei number (38 Ϯ 2). Blockade of AMPA/KA receptors preserved oligodendrocyte numbers (52 Ϯ 1%; p Ͻ 0.05) and prevented the formation of pyknotic nuclei (11 Ϯ 1; p Ͻ 0.05). These results in isolated corpus callosum slices suggest that OGD-induced oligodendrocyte death is mediated primarily by the overactivation of AMPA/KA receptors in the white matter.
Assessment of OGD-induced cell death with propidium iodide
The loss of APC ϩ immunoreactivity suggests oligodendrocyte damage, but not necessarily cell death. We confirmed oligodendrocyte death, as defined by a loss of cell membrane integrity, by PI uptake of white matter cells. PI labeling in the corpus callosum of representative slices was assessed after maximally toxic OGD exposure (360 min), wash control, 30 min OGD, and 30 min OGD plus NBQX (Fig. 5A) . Slices from the OGD 360 min group demonstrated the highest PI intensity. Slices in the OGD 30 min group had significantly higher fluorescence intensity than wash control slices, with PI staining intensity 57 Ϯ 9% of OGD 360 min. Slices treated with NBQX were similar to control. Similar results also were obtained when the slices were pretreated with 30 M GYKI 52466 before OGD, suggesting that AMPA rather than kainate receptors contributed to OGD-induced oligodendrocyte death.
Ionic dependence of OGD-induced oligodendrocyte death
Because increased intracellular Ca 2ϩ is a critical step of the excitotoxic injury cascade, we investigated the role of Ca 2ϩ in OGD-induced AMPA/KA receptor-mediated oligodendrocyte death in slices. Exposing slices in Ca 2ϩ -free media (containing 200 M EGTA) substantially reduced OGD-induced loss of APC ϩ oligodendrocytes at every time point (Fig. 6 ). In parallel, fewer pyknotic nuclei were observed in slices exposed to OGD in Ca 2ϩ -free aCSF (Fig. 6 B, (Fig. 6 B, open squares) did not alter oligodendrocyte counts or nuclear morphology.
We next examined the role of VGSCs on oligodendrocyte viability. The addition of 10 M TTX (30 min before and during and 30 min after OGD) did not prevent a loss of APC ϩ cells or an increase in pyknotic nuclei (Fig. 7A,B) .
Ionic dependence of OGD-induced axonal injury
We examined the dependence of OGD-induced axon injury on extracellular Ca 2ϩ by exposing slices to OGD in Ca 2ϩ -free media (including 200 M EGTA). The application of Ca 2ϩ -free aCSF caused an initial increase in the CAP area by 40 Ϯ 22% (n ϭ 6). This may be attributable to a reduction in extracellular Ca ϩ2 -dependent surface potential screening (Hille, 1992 8 A). Switching to glucose-free and C a 2ϩ -free aC SF saturated with 95% N 2 /5% O 2 reduced the CAP area to 1 Ϯ 1% in ϳ29 min. Once regular aC SF and oxygen were resumed, the responses recovered to baseline and showed slight potentiation such that, 1 hr after OGD, CAP area was 127 Ϯ 24% of C a 2ϩ -free control and 112 Ϯ 23% by 9 hr after OGD ( p Ͼ 0.05). Superf usion with C a 2ϩ -free aC SF during OGD resulted in good preservation of axonal structure (Fig. 8 B, bottom) . The SM I-31 labeling score of axons in C a 2ϩ -free media was 9 Ϯ 1 (see Table 1 ), significantly different from the score in C a 2ϩ -containing media (Fig. 8 B, top) .
The role of voltage-gated Na ؉ channels in axonal injury
Previous studies have shown that Na ϩ flux through VGSCs plays a major role in impaired axonal conduction during anoxia (Stys et al., 1992a; Agrawal and Fehlings, 1997) . We examined the effects of TTX (10 M) in our model. CAPs were depressed completely with 3-5 min of TTX application (Fig. 9, left, open circles) . Slices were exposed to OGD (30 min) and were kept in TTX for another 30 min after the end of OGD. After TTX was washed A, Low-magnification (4ϫ objective) images show PI labeling in the corpus callosum of slices exposed to 360 min OGD (maximal injury) or to wash control for 360 min, 30 min OGD followed by 6 hr normoxia, or 30 min OGD with 30 M NBQX followed by 6 hr normoxia. PI (0.25 g/ml) was added to the bath 1 hr before imaging. PI intensity was highest in slices from 360 min OGD and lowest in control and in 30 min OGD with NBQX. Micrographs also include neighboring cortex, hippocampus, and out, the CAP area recovered slowly to 48 Ϯ 1% (n ϭ 6) of control levels and remained stable. When CAPs were recorded in slices (n ϭ 3) treated with 10 M TTX for identical durations without OGD, the percentage of recovery of CAP area was 61 Ϯ 1%, which was significantly higher than in slices exposed to OGD (Fig.  9, filled squares) . In accordance with partial functional preservation, TTX also reduced OGD-induced axonal injury. Although SMI-31 labeling demonstrated the presence of linearly projecting axons (Fig. 9B) , overall labeling brightness was dim and a majority of axons lost their continuity, with numerous axonal bulbs and retraction heads. The semi-quantitative injury score was 5 Ϯ 1 (see Table 1 ).
The role of glutamate receptor antagonist in OGDinduced axonal injury
To evaluate the contribution of glutamate receptor activation in axonal injury, we recorded CAPs in slices pretreated with MK-801 (10 M) or MK-801 and NBQX (30 M) for 30 min before OGD. Blockade of NMDA receptors with MK-801 (Fig. 10, top) partially preserved residual CAP during OGD and delayed the time to irreversible CAP loss after OGD. MK-801 did not prevent irreversible loss of CAPs by the end of the recording period (eight of eight slices). In parallel experiments the axonal structure assessed by SMI-31 immunoreactivity was poor, with a score of 0. Figure 10 , top right, shows the loss of SMI-31 labeling in a representative slice from this group. In contrast, a blockade of AMPA/KA receptors with 30 M NBQX provided full recovery of axonal conduction after OGD. Figure 10 , bottom, shows the time course of CAP recording in a typical slice pretreated with NBQX. In the presence of NBQX, OGD suppressed the CAP Figure 7 . Blockade of voltage-gated sodium channels does not prevent OGD-induced oligodendrocyte death. Slices are exposed to 10 M TTX or control aCSF for 30 min before and during and 30 min after OGD. A, APC immunofluorescence of slices fixed 9 hr after OGD. TTX does not reduce oligodendrocyte loss or formation of pyknotic nuclei. Scale bar, 10 m. B, Plots summarize the number of APC ϩ cells (left) and pyknotic nuclei (right). TTX does not change counts significantly at any time point, as in Figure 6 . Figure 8 . Ca 2ϩ dependence of OGD-induced axonal injury. Slices are exposed to Ca 2ϩ -free or control aCSF as described in Figure 6 . A, Pretreatment of slices with Ca 2ϩ -free aCSF preserves stimulus-evoked CAPs. B, SMI-31 immunofluorescence of slices 9 hr after 30 min OGD with (top) or without (bottom) Ca 2ϩ . Removal of Ca 2ϩ results in preservation of axonal function (compare with Fig. 3 ) and neurofilament labeling. Scale bar, 10 m.
area to 52 Ϯ 6% (n ϭ 6) of baseline levels, followed by rapid recovery to control values within ϳ9 min (96 Ϯ 7%). There were one to two further depression-recovery periods in this group of slices before a stable recording of CAPs was achieved that remained stable up to 9 hr after OGD (81 Ϯ 7%; Fig. 11 ). SMI-31 labeling in similarly treated slices was bright, with many individual linear axons (see Fig. 10 , bottom) and with a score of 9 Ϯ 1 (see Table 1 ).
There was good agreement between axonal functional preservation and axonal structural integrity (see Table 1 ). In conditions in which the CAP did not recover, there was derangement of neurofilaments detected as a loss of SMI-31 labeling (McCracken et al., 1999) .
DISCUSSION
This study reports delayed effects of oxygen-glucose deprivation in a myelinated central fiber tract. In acutely prepared brain slices from adult mice, OGD caused an irreversible loss of CAPs, followed by a loss of APC-immunoreactive oligodendrocytes and disruption of axonal neurofilaments in the corpus callosum. AMPA/KA receptor blockade and Ca 2ϩ removal preserved oligodendrocytes and axonal structure and function. In contrast, a blockade of VGSCs provided only partial protection for axons and did not reduce oligodendrocyte death. To our knowledge this is the first demonstration that the activation of AMPA/KA receptors in white matter causes the death of mature oligodendrocytes in hypoxic-ischemic brain. Our results also show that AMPA/KA receptors as well as VGSCs can mediate axonal disruption during hypoxic white matter injury.
Brain slices as a model of white matter ischemia
Brain slice preparations are used widely to study neuronal injury (Schurr and Rigor, 1995) . They also offer important advantages for the investigation of white matter injury. Slices preserve the Figure 9 . Blockade of voltage-gated sodium channels offers partial protection of axonal function and structure. A, CAP recovery in slices exposed to TTX for 90 min, with normoxic perfusion (open circles) or 30 min OGD ( filled squares). TTX exposure alone results in complete loss of CAP, which recovers to ϳ61% of initial values 5 hr after removal. CAP recovery in slices exposed to OGD ϩ TTX is better than OGD with no drug (see Fig. 3 ) but does not reach levels of TTX in normoxia. B, Compared with OGD without TTX (top), SMI-31 labeling is preserved partially in slices exposed to OGD ϩ TTX, but some axonal head and retraction bulb formation occurs (bottom). anatomical and structural integrity of the mature nervous system. In contrast, dissociated cell cultures exclude many cell-cell interactions, and isolated white matter preparations may lack continuity of the axon with the cell body. Control of the tissue environment enables ionic and pharmacological manipulations. Finally, unlike most cultures, slices can be prepared from adult animals, allowing for the assessment of myelinated axons and fully differentiated oligodendrocytes. In our experiments the coronal brain slices remained structurally and functionally intact as long as 12 hr at ϳ34°C, sufficient to assess slowly developing processes such as oligodendrocyte death and axonal structural disintegration. The observed damage to oligodendrocytes and axons in brain slices matches patterns of white matter injury in experimental models (Pantoni et al., 1996; Valeriani et al., 2000) .
Excitotoxic oligodendrocyte death
OGD for 30 min resulted in the selective death of ϳ90% of oligodendrocytes after 9 hr, accompanied by a parallel increase in pyknotic nuclei counts and propidium iodide cellular uptake (see Figs. 4, 5) . There was minimal change in GFAP ϩ astrocytes. Oligodendrocyte death was blocked by NBQX, but not by the NMDA antagonist MK-801 (see Fig. 4 ). The protective effect of NBQX was sustained when experiments were repeated at 37°C. An AMPA receptor-selective blocker, GYKI 52466, was also protective.
AMPA receptor agonists can lead to the injury of oligodendrocytes in culture (Yoshioka et al., 1995 (Yoshioka et al., , 1996 Garcia-Barcina and Matute, 1998; McDonald et al., 1998) , in situ (Yoshioka et al., 1996; Li and Stys, 2000) , and in vivo (Dusart et al., 1992; McDonald et al., 1998) . AMPA/KA receptor-mediated toxicity contributes to the death of hypoxic oligodendrocytes in vitro (McDonald et al., 1998; Fern and Möller, 2000; Yoshioka et al., 2000) . The significance of the cell culture observations might be challenged because of the relatively immature phenotype of cultured oligodendrocytes and the absence of cell-cell interactions. The current experiments provide novel support for an important role of AMPA/KA receptors in hypoxic-ischemic oligodendrocyte death in the mature brain.
TTX did not reduce oligodendrocyte loss, suggesting that Na ϩ flux through VGSC does not contribute to excitotoxic oligodendrocyte death. This agrees with observations in traumatic spinal cord injury (Rosenberg et al., 1999) . Oligodendrocyte death was also dependent on extracellular Ca 2ϩ . The routes of toxic Ca 2ϩ entry in oligodendrocytes (Yoshioka et al., 1995) remain to be explored and might include direct permeation through AMPA/KA receptors (Meucci et al., 1996; Underhill et al., 2000) , voltage-gated calcium channels (Barres et al., 1988) , and reversal of Na ϩ /Ca 2ϩ exchange .
Excitotoxic axonal injury
Anoxia or glucose deprivation in optic nerve and spinal cord white matter interrupts the electrical activity of myelinated axons Stys et al., 1992b; Fern et al., 1998; Li et al., 1999; Li and Stys, 2000) and causes ultrastructural changes in axonal mitochondria and cytoskeleton (Waxman et al., 1992) . In our experiments OGD for 30 min (but not for 15 min) caused an irreversible loss of CAPs. Axonal head and bulb formation were visualized by SMI-31 labeling 1 hr after OGD, followed by a loss of SMI-31, SMI-32, and NR4 immunoreactivity. Thus, axonal injury after OGD is similar to the pathology of diffuse axonal injury in humans and animals (Pantoni et al., 1996; Dietrich et al., 1998; Yam et al., 1998; Graham et al., 2000) . In agreement with previous studies Waxman et al., 1993) , Ca 2ϩ removal preserved CAPs and axonal structure (see Fig. 8 ). However, our results diverge from previous work (Stys et al., 1992a; Waxman et al., 1994; Agrawal and Fehlings, 1996; Garthwaite et al., 1999) in that we found only partial protection of axonal structure and function when the slices were pretreated with 10 M TTX. This concentration of TTX was sufficient to cause complete CAP blockade under normoxic conditions (see Fig. 7 ).
OGD-induced axonal injury was blocked by the addition of N BQX. Previous studies demonstrated that an AM PA / K A blockade preserves electrical conduction in spinal cord tissue exposed to anoxia or compression injury (Agrawal and Fehlings, 1997; Li et al., 1999; Li and Stys, 2000) . However, earlier studies did not report axon structural damage or preservation by AM PA / K A antagonists. Possible differences in the current model that might account for these differences include differential susceptibility of brain, as opposed to spinal cord, more severe insult accorded by combined oxygen and glucose deprivation (Garthwaite et al., 1999) , or a longer observation period after OGD.
Interactions between oligodendrocytes and axons in hypoxic white matter
Previous studies of optic nerve and spinal cord preparations support a model of axon injury (Stys, 1998) , as illustrated in Figure 11 A-C. Loss of ATP-dependent Na ϩ /K ϩ exchange leads to excessive Na ϩ influx through noninactivating VGSCs; this is followed by axoplasmic Ca 2ϩ accumulation that is mediated by reverse Na ϩ /Ca 2ϩ exchange and other Ca 2ϩ channels. Disruption of axonal ion homeostasis may lead to acute conduction failure, whereas intra-axonal Ca 2ϩ accumulation may trigger subsequent cascades leading to the destruction of axonal structural elements. Although the present data support a role for VGSCs and extracellular Ca 2ϩ , our results are not explained fully by this model. TTX provided only a partial reduction of axonal injury and did not block oligodendrocyte death. Furthermore, a blockade of AMPA/KA receptors preserved both oligodendrocytes and axons, suggesting an important alternative pathway for white matter injury (see Fig. 11 D-F ) .
Excitotoxic death of oligodendrocytes might be predicted from their vulnerability in vitro. However, the structural preservation of axons by NBQX is surprising. How do AMPA/KA antagonists act in this setting? NBQX preserves white matter histology and ameliorates behavioral deficits after spinal contusion (Wrathall et al., 1994) and spinal ischemia (Kanellopoulos et al., 2000) . These studies demonstrate a role of AMPA/KA receptor activation in spinal cord injury but cannot establish whether receptor blockade occurs in the gray or white matter. Glutamate receptor activation in neuronal somata of gray matter might enhance axon and oligodendrocyte injury by acting indirectly (Schabitz et al., 2000) . Mechanisms could include diffusion of toxic substances such as glutamate or free radicals, modulation of axonal activity and energy requirements, retrograde axon degeneration, or activation of inflammatory responses (Matute, 1998; Pitt et al., 2000; Smith et al., 2000) . It does not appear that the primary effect of NBQX in our experiments was on neuronal cell bodies. NBQX did not reduce neuronal damage after OGD (data not shown) and was protective even in isolated corpus callosum slices. Therefore, NBQX protected white matter oligodendrocytes and axons in these experiments even in the absence of neighboring gray matter or circulating inflammatory cells.
The cellular targets of excitotoxic damage within the white matter remain to be established. Astrocytes express functional non-NMDA receptors but are not directly susceptible to excitotoxic death [in part because of rapid AMPA receptor desensitization (David et al., 1996) ]. Activation of astrocyte AMPA receptors could contribute to white matter injury by disrupting ionic regulation. In contrast to astrocytes, the activation of oligodendrocyte AMPA/KA receptors leads directly to excitotoxicity. An initial consequence of AMPA/KA receptor activation may be localized myelin damage (Li and Stys, 2000) , leading to action potential slowing or even conduction block. Further damage may cause the death of oligodendrocyte cell bodies and myelin loss (see Fig. 11 ). Although oligodendrocytes have the potential to regenerate (at least in some settings), axon loss is likely to be irreversible.
Our data suggest that the overactivation of glutamate receptors in white matter contributes to axonal injury. Is glutamate directly toxic to axons? Immunocytochemical studies found glutamate receptor subunits within axon cylinders (Li and Stys, 2000) , but there is no evidence that functional receptors are expressed at the axolemma or can participate in axonal injury. Intracerebral administration of excitatory amino acid analogs is characteristically "axon-sparing" (Simson et al., 1977) . Likewise, AMPA or kainate application does not cause disruption of axons in cortical culture (Hasbani et al., 1998) or spinal cord slice (Li and Stys, 2000) . Therefore, AMPA/KA receptor-dependent axon injury more likely occurs via glial receptors and may require simultaneous energy depletion (see Fig. 11 ).
Glutamate receptor-mediated injury may contribute to damage in a spectrum of clinical conditions in which white matter is the target, including stroke, cerebral and spinal trauma, periventricular leukoencephalopathy, and multiple sclerosis. Our results suggest that excitotoxic compromise of white matter glia adversely affects structure and function of axon fibers as well.
